Field-aligned density striation is one of the most common inhomogeneity phenomena in magneto-plasmas, such as in the solar coronal plasma and terrestrial auroral plasma. Kinetic Alfvén waves (KAWs) can play an important role in the inhomogeneous heating of coronal magneto-plasmas as well as in the local acceleration of auroral energetic electrons. In this paper, we study the dispersion and instability of KAWs in a magneto-plasma with density striation structures. Results show that KAWs become unstable in the presence of the density striation and the corresponding instability has a maximal growth rate at the perpendicular wavelength close to the spatial scale of the density gradient. Related experimental phenomena in both laboratory and space plasmas are discussed. It is suggested that the excitation of KAWs by the density striation of magneto-plasmas can be of potential importance in understanding the physics of the formation of magneto-plasma filaments and their heating mechanisms, which are often present in the terrestrial auroral plasma, the solar coronal plasma, and other astrophysical plasmas.
INTRODUCTION
Since it was found 70 yr ago that the solar outer atmosphere has a high-temperature plasma corona with a temperature ( 10 6 K) much higher than that of the photosphere (∼6000 K), the so-called "solar coronal heating problem" has been a fundamental astrophysical issue. In the past several decades, spacebased solar observatories revealed that the solar atmosphere is in nature far from both dynamic and thermal equilibrium and found that the coronal heating has an inhomogeneous nature, implying that the heating of filamentous magneto-plasma fine structures plays an important and even dominant role in coronal heating (Golub et al. 1990; Aschwanden et al. 2001) . Evidently, these filamentous fine structures can often be identified as the manifestation of field-aligned density (or temperature) striations, and their heating mechanisms are closely related to solar magnetic fields. The first heating mechanism involving the role of magnetic fields was proposed by Alfvén (1947) , who put forward that Alfvén waves (AWs) were responsible for the heating of coronal plasmas. Since then, increasing observational as well as theoretical evidence shows that AWs can indeed transport sufficient energy to keep the corona at the observed high temperature, and that these AWs are driven by the fluid turbulence under the solar surface, propagate outward, and enter the corona along the solar magnetic fields (Parker 1979 (Parker , 1983 De Pontieu et al. 2007; Okamoto et al. 2007; Cirtain et al. 2007 ). However, there is still the key difficulty of how to convert the wave energy into the kinetic energy of plasma particles in the corona, because the dissipation of the AWs becomes very hard when they have reached the corona, which is so tenuous that AWs pass unhindered through the nearly collisionless corona and into the interplanetary space.
Some models for AWs have been proposed to intensify their dissipation. One of them is the so-called phase-mixed AW in a two-dimensional configuration, which was first considered in the context of solar coronal heating by Heyvaerts & Priest (1983) . Petkaki et al. (1998) and Malara et al. (2000) numerically studied the dissipation of AW packets propagating in an inhomogeneous three-dimensional magnetic field and found even faster dissipation than the phase-mixing dissipation. Tsiklauri et al. (2001) and Tsiklauri et al. (2003) investigated the dissipation of fast magnetosonic waves generated by a weak nonlinear AW pulse and the phase mixing of a three-dimensional AW pulse, respectively, and their results imply that phase mixing remains a relevant paradigm for the coronal heating applications in the realistic three-dimensional geometry and compressive plasma. In these processes, a common characteristic is that the cross-field inhomogeneity in small scales is generated by magnetohydrodynamic instabilities in large scales, implying that the wave energy is transferred from large scales into small scales in the cross-field direction. On the other hand, the theory of the AW turbulence (Goldreich & Sridhar 1995 predicts that the turbulent process of AWs causes the wave energy to cascade, primarily in the cross-field preference with k ⊥ k , where k ⊥ and k are wave numbers perpendicular and parallel to the ambient magnetic field, respectively. As k ⊥ increases (i.e., the perpendicular wavelength decreases), the AWs become more and more anisotropic (Howes et al. 2006; Schekochihin et al. 2009 ). Numerical simulations of MHD turbulence (Marson & Goldreich 2001; Cho et al. 2002) and in situ measurements of solar wind turbulence (Leamon et al. 1998; Luo & Wu 2010; Luo et al. 2012) both support this anisotropically cascading model of AW turbulence. In particular, when the perpendicular wavelength becomes comparable to the ion (or ion-acoustic) gyroradius ρ i (or ρ s ) and the electron inertia length λ e , AWs become dispersive and are called kinetic Alfvén waves (KAWs; Hasegawa & Uberoi 1982) or dispersive Alfvén waves (DAWs; Stasiewicz et al. 2000) . Moreover, some dissipating mechanisms come into play and lead to plasma heating (Sahraoui et al. 2010; Salem et al. 2012; Howes et al. 2012) . Voitenko (1996 Voitenko ( , 1998 first studied the instability of KAWs driven by flare-producing energetic proton beams and pointed out that KAWs can possibly play an important role in the fast heating of coronal loops at the beginning of solar flares. In a series of works, Wu & Fang (1999 , 2003 and Wu & Yang (2006 investigated the wave-particle interaction and dissipation mechanism of KAWs in the solar atmosphere and found that the dissipation of KAWs can efficiently provide an inhomogeneous heating mechanism for coronal magnetoplasma fine structures and particle energization phenomena, such as bright soft X-ray coronal loops in solar active regions (Wu & Fang 1999) , bright coronal plumes in coronal holes (Wu & Fang 2003) , anomalous brightening sunspot superchromospheres (Wu & Fang 2007) , and the anomalous heating of minor heavy ions in the extended corona (Wu & Yang 2006 . This indicates that KAWs are able to play an important role in the coronal heating problem. Thus, the excitation and generation mechanism of KAWs in the solar atmosphere becomes an increasingly interesting topic.
Many plasma instabilities have been proposed as being responsible for the excitation of KAWs, such as the flareproducing energetic proton beam instability mentioned above (Voitenko 1996 (Voitenko , 1998 , the kinetic fire-hose instability by the ion and electron temperature anisotropy (Yoon et al. 1993; Yoon 1995; Malovichko 2008; Chen & Wu 2010) , the field-aligned current instability Chen & Wu 2012) , the shear flow instability (Siversky et al. 2005) , and the diamagnetic drift instability (Duan et al. 2005) . These excitation mechanisms, however, do not always take place in field-aligned density (or temperature) striations as expected by the solar observation of inhomogeneous heating of filamentous magneto-plasma fine structures. In particular, the recent particle-in-cell simulation by Tsiklauri (2011 Tsiklauri ( , 2012 showed that KAWs can be effectively excited in a transversely inhomogeneous plasma when the transverse density (or/and temperature) inhomogeneity scale is comparable to the microscopic scales of particle motions, and that the parallel and perpendicular electric fields efficiently lead to the field-aligned acceleration of electrons and the cross-field heating of ions, respectively.
In this paper, the dispersion and instability of KAWs in a magneto-plasma with density striation structures are analyzed. The results indicate that the inhomogeneity of the density striation can be responsible for the effective generation of KAWs in the filamentous fine structures of magneto-plasmas. The rest of this paper is organized as follows: after briefly introducing the physics of the formation of field-aligned density striations and their observations in solar coronal plasmas, terrestrial auroral plasmas, and laboratory plasmas in Section 2, we present the dispersion relation of KAWs in the presence of field-aligned density striation in Section 3. Then, the instability and growth rate of KAWs are discussed in Section 4. Finally, Section 5 is devoted to summary and conclusions.
DENSITY STRIATION STRUCTURES IN MAGNETO-PLASMAS
In a plasma magnetized by a uniform magnetic field B, charged particles of the plasma respond to the Lorentz force of the magnetic field by freely streaming along the B direction while executing circular Larmor orbits, or gyro-orbits, in the plane perpendicular to B. As the field strength increases, the resulting helical orbits become more tightly wound, effectively tying particles to magnetic field lines. The ability of the magnetic field to significantly affect particle trajectories can be measured by the magnetization parameter
where L is the characteristic length scale of the plasma, ρ c ≡ v ⊥ /ω c is the Larmor gyroradius, v ⊥ is the magnitude of the transverse velocity in the plane perpendicular to B, and ω c ≡ qB/m is the gyrofrequency associated with the gyration. As usual, there is a distinct gyroradius for each species due to their different charge (q) and mass (m).
One of the most important characteristics of magneto-plasmas is the anisotropy due to different responses to forces that are parallel and perpendicular to the direction of B (Wu 2013) . This inhibits the plasma particles from transversely crossing the field lines in a length scale much larger than the particle gyroradius, while along the field lines the particles are free to move. Therefore, the motion of the plasma particles has a strong anisotropic nature. In particular, due to the anisotropy, the plasma can maintain large density and/or temperature gradients across the magnetic field, while the fast parallel motion can quickly smooth out the gradients along the field lines. This leads to the formation of field-aligned filamentous structures, which are characterized by the parallel length scales of inhomogeneity much larger than the perpendicular scales characterized by the ion gyroradius or the electron inertial length.
The solar corona consists of hot and tenuous low-β plasmas, which are forced to follow solar magnetic field lines and hardly cross the magnetic field lines because of their high electric conductivity. Consequently, the coronal plasmas are strongly constructed into constantly evolving bright loops or dark filaments by the solar magnetic fields. In active regions of the lower corona, in particular, the magneto-plasma loops, which trace closed magnetic field lines, are the primary structural elements of the solar atmosphere. The non-stationary character of solar plasma magnetic structures manifests itself in various forms of the coronal magnetic loop dynamics (rising motions, oscillations, meandering, twisting, jets; Schrijver et al. 1999; Aschwanden et al. 2001; Reale et al. 2007; Katsukawa et al. 2007) , as well as in the formation, sudden activation, and eruption of filaments and prominences. Energetic phenomena, related to these types of magnetic activity, range from tiny transient brightenings (micro-flares) and jets to large, active region-sized flares and coronal mass ejections.
High-resolution observations have now given an impressive image of the solar corona as a rapidly evolving dynamic plasma where energetic phenomena occur mainly on very small scales that are characterized by tenuous strands, called the coronal plasma loops (Golub et al. 1990; Aschwanden et al. 2001 ). On the other hand, auroras and associated plasma processes have various classes of spatial and temporal scales, and change from whole auroras of hundreds of kilometers to microscale structures (such as narrow discrete arcs, auroral curls and folds, and flickering auroras) of hundreds of meters, which are comparable to the scales of the ion cyclotron motion (Hallinan & Davis 1970; McFadden et al. 1990; Borovsky & Suszcynsky 1993; Trondsen & Cogger 1997 , 1998 . In particular, such small-scale structures in auroral plasmas are often identified as solitary KAWs (SKAWs; Louarn et al. 1994; Wahlund et al. 1994; Wu et al. 1996a Wu et al. , 1996b Wu et al. , 1997 Chaston et al. 1999) , which are frequently associated with density striations in the cavity form as well as field-aligned currents in spatial scales of the local electron inertial length from a few kilometers down to tens of meters (Bellan & Stasiewicz 1998; Stasiewicz et al. 1998; Sharma & Singh 2009; Kumar et al. 2011) . We believe that the formation of these filamentous fine structures in the corona and aurora has a close relation to the anisotropy of magneto-plasmas.
In fact, the similar phenomena of spontaneously producing KAWs in field-aligned filamentary striations have also been observed in laboratory plasmas. Motivated by the need to understand the dynamics of waves generated spontaneously in field-aligned filamentary striations, Maggs & Morales (1996 designed and performed a laboratory experiment in the LAPD (the LArge Plasma Device; Gekelman et al. 1991; Leneman et al. 2006) at the University of California in Los Angeles, in which a controlled field-aligned density depletion was produced by selective coating of an emissive oxidecoated cathode, and density and magnetic fluctuations generated spontaneously in the density striation were measured. They identified the nature of the fluctuations as the drift-AW for β e > Q and as broadband magnetic shear AW turbulence for β e < Q, where Q ≡ m e /m i is the mass ratio of electrons (m e ) to ions (m i ). The driving source for the fluctuations is the crossfield density and temperature gradients in the edge of the density striations, which have scale sizes on the order of the electron inertial length.
DISPERSION RELATION OF KAWs IN DENSITY STRIATION
In a plasma magnetized by a homogeneous magnetic field B 0 along the z-axis, the two-fluid equation set for KAWs consists of (Wu & Chao 2004a) (1) the continuity equations for electron (n e ) and ion (n i ) density:
(2) the motion equations for electron (v ez ) and ion (v ix ) velocities:
and (3) the Maxwell equations for the perturbed electric (E x(z) ) and magnetic (B y ) fields:
where e, μ 0 , and 0 are the elementary charge, the permittivity of free space, and the permeability of free space, respectively; m e(i) and v T e are the electron (ion) mass and thermal velocity, respectively; ω ci = eB/m i is the ion cyclotron frequency; and ν e is the collision frequency of electrons. In addition, in the continuity equation (2), the transverse motion of electrons and the parallel motion of ions have been neglected because the electrons are still tightly tied on the field lines by the Lorentz force and move along the field lines, while the parallel density gradient and the parallel velocity of the ions are much less than the transverse density gradient and the ion drift velocity, respectively, on the characteristic scales of KAWs in a low-β plasma. Finally, the equation set of Equations (2)- (4) can be closed by the charge neutrality condition
which is valid for the nonrelativistic approximation of v A , v T e c (Wu 2013) , where c is the speed of light. Let us consider one-dimensional plane wave perturbations with the wave vector k = (k x , 0, k z ) and frequency ω, in which all perturbed physical quantities vary in the following form:
The unperturbed density n 0 (x) is inhomogeneous along the x-direction and has characteristic spatial scale L x as follows:
Linearizing the continuity equations (2) gives ion (n i ) density
where l x ≡ k x L x . The motion equations (3) and Ampere's law in the Maxwell equation (4) by the use of Equation (8) give
m e e n 1 n 0 ,
Substituting the expressions for the perturbed electric and magnetic fields in Equation (9) into Faraday's law in the Maxwell equation (4), the dispersion equation of KAWs can be derived as follows:
where
and
is the KAW frequency normalized by ω A ≡ k z v A (Streltsov & Lotko 1995; Lysak & Lotko 1996; Wu 2003; . Finally, the parameter
and α > 1 and <1 imply the kinetic and inertial parametric regimes for KAWs, respectively (Streltsov & Lotko 1995; Lysak & Lotko 1996; Wu 2013) . Introducing the complex frequency by
where ω R is the real frequency and ω I is the real damping (or growth) rate, the dispersion equation (10) Considering the case of collisionless plasmas with ν * e = 0, the dispersion relation can be obtained as follows:
In the limit case of a homogeneous background plasma, or l x → ∞, we have c r → 1 and c i → 0 from Equation (11). The dispersion relation (16) reduces to
which is the standard dispersion relation of KAWs without dissipation (Streltsov & Lotko 1995; Lysak & Lotko 1996; Wu 2003; . On the other hand, for the strongly inhomogeneous limit of l x → 0, the dispersion relation (16) leads to
which represents electrostatic waves in the ion-acoustic mode.
EXCITATION OF KAWs BY PLASMA DENSITY STRIATION
The results from Equations (17) and (18) indicate the wave growth rate ω I = 0 in both the limits of strong (l x 1) and weak (l x 1) inhomogeneity. Figure 1 shows the dispersion relation (16) for the case of a moderate inhomogeneity (l x = 1), where the top and bottom panels represent the wave frequency ω R and growth rate ω I , respectively. The three lines correspond to three different parametric regimes of KAWs, which are α = 0.1 for the inertial parametric regime, α = 1 for the transition parametric regime between the inertial and kinetic regimes, and α = 10 for the kinetic parametric regime. From Figure 1 the major variation of the dispersion relation occurs in the perpendicular wave number region of 0.1 < λ e k x < 10, where all growth rates ω I decrease as the perpendicular wave number (λ e k x ) increases, but the real frequency (ω R ) of KAWs in the kinetic (α = 10 > 1) and inertial (α = 0.1 < 1) parametric regime increases and decreases, respectively. This implies that KAWs have the expected positive and negative dispersion in the kinetic and inertial parametric regimes, respectively (Streltsov & Lotko 1995; Lysak & Lotko 1996; Wu 2003) . In the long-wavelength limit of λ e k x 1, the wave frequency and growth rate both approach constants independent of α. On the other hand, in the short-wavelength limit of λ e k x 1, the growth rate approaches zero but the frequency approaches a constant dependent on α. In fact, the dispersion relation (16), by the use of expression (11), gives
for the long-wavelength limit of λ e k x 1, where the last values are obtained by l x = 1, and
for the short-wavelength limit of λ e k x 1, where the wave reduces to an electrostatic wave in the ion-acoustic mode. Figures 2-4 show the dispersion relation (16) versus the inhomogeneity l x for KAWs in the inertial (α = 0.1), transition (α = 1), and kinetic (α = 10) parametric regimes, respectively, where the top and bottom panels correspond to the wave frequency and growth rate, respectively, and the three lines represent three wave numbers λ e k x = 0.1, 1, and 10. From  Figures 2-4 , the wave frequency ω R increases as the inhomogeneity decreases (i.e., l x increases). However, the wave with short wavelengths (i.e., λ e k x 1, see Figures 2 and 3 ) or in the kinetic parametric regime (i.e., α 1, see Figure 4 ) is very weakly dependent on the inhomogeneity (l x ). On the other hand, it can be found from Figures 2-4 that the growth rate of the wave reaches its maximum in the moderate inhomogeneity of l x ∼ 1 and approaches zero in the limits of strong and weak inhomogeneity, as shown by Equations (17) and (18). Figure 5 shows the dispersion relation (16) versus the parameter α for the moderate inhomogeneity (l x = 1), where the top and bottom panels correspond to the wave frequency and growth rate, respectively, and the three lines represent three wave numbers λ e k x = 0.1, 1, and 10. Figure 5 clearly shows that the wave frequency (ω R ) increases and the growth rate (ω I ) decreases as the parameter α increases, respectively. One can find from the top panel of Figure 5 that the wave frequency decreases and increases with the wave number λ e k x in the inertial (α < 1) and kinetic (α > 1) parametric regimes, respectively. The bottom panel of Figure 5 , however, shows that the growth rate of the wave increases as the wave number λ e k x decreases independent of the parameter α.
DISCUSSIONS AND CONCLUSIONS
The solar coronal heating problem has been a common and complex issue in contemporary astrophysics research. KAWs can contribute significantly to the heating and acceleration of the plasma particles. Involving the dissipation of KAWs, some inhomogeneously heating mechanisms have been proposed to be responsible for the heating of magnetic structures in the solar corona (Voitenko 1998; Wu & Fang 1999 , 2003 Wu & Yang 2006 . Therefore, the excitation and generation mechanism of KAWs in the solar atmosphere, especially in the solar corona, becomes an increasingly interesting subject. Field-aligned density striation is one of the most ubiquitous inhomogeneities in magneto-plasmas such as space plasmas in the corona and the aurora as well as magnetically confined plasmas in the laboratory.
The recent particle-in-cell simulation by Tsiklauri (2011 Tsiklauri ( , 2012 showed that KAWs can be effectively excited by the transverse density inhomogeneity and that the parallel and perpendicular electric fields efficiently lead to the field-aligned acceleration of electrons and the cross-field heating of ions, respectively. In this paper, we discussed the physics of the formation of the transverse density inhomogeneity by the fieldaligned density striation as well as the observed evidence in the solar coronal, the terrestrial auroral, and laboratory plasmas. Including the effect of the field-aligned density striation, the complex dispersion relation of KAWs is obtained. The results show that the KAW instability can be excited effectively by the field-aligned density striation with moderate inhomogeneity and reaches its maximal growth rate round ł x ∼ 1. The maximal growth rate can be 30% of the wave frequency, implying a very effective growth of KAWs.
On the other hand, our results also show that the growth rate of the KAW instability by the field-aligned density striation decreases with both the wave number λ e k x and the parameter α. In particular, the growth rate rapidly falls below the effective exciting level when λ e k x > 1 or α > 1. This indicates that, as shown by observations from space plasmas, the field-aligned density striation can effectively produce KAWs with a perpendicular wavelength larger than the electron inertial length and in the inertial parametric regime of α < 1, in which the plasma has a low β less than the mass ratio of electrons to ions. In the kinetic parametric regime of α > 1, or for short-wavelength KAWs with a perpendicular wavelength less than the electron inertial length, however, KAWs cannot be effectively excited by the field-aligned density striation instability.
For the case of auroral plasmas in the auroral acceleration region (Wu & Chao 2004b) , the plasma β parameter usually has a very low value much less than the electron-to-ion mass ratio Q and a small parameter α ∼ 0.1 1, implying that KAWs can easily be excited by the density striation instability, and the maximal growth rate occurs at the characteristic scale of the density striations, L x ∼ λ e ∼ 1 km, which is well consistent with the observations of density cavities in the auroral plasmas (Bellan & Stasiewicz 1998; Stasiewicz et al. 1998; Sharma & Singh 2009; Kumar et al. 2011) . The solar wind plasma is the other limiting case of a large α parameter, where the high-β (β ∼ 1) plasma has an α ∼ 40 1 and it is difficult to excite KAWs by the density striation instability. The solar corona is a more complex case, where the parameter α has a wide varying range from α < 1 to α > 1 due to the strong inhomogeneity of the coronal magnetic fields and plasmas (Wu 2013) . The local electron inertial length λ e varies from λ e < 1 m in the low corona to λ e > 100 m in the high corona (Wu & Yang 2007) . These local scales for λ e are far below the limit of the current instrumental resolution. Even now, up to the diffraction limit of the best telescopes, Hinode, the rich dynamical structures on the smallest observable scales imply that the spatial scale of the strong inhomogeneity of the coronal plasmas is still unresolved (Thomas & Weiss 2004; De Wijn et al. 2009 ). Meanwhile, theoretical arguments and simulations indicate that there is structure well beyond what can be observed today or in the foreseeable future (Almeida et al. 1996; Emonet & Cattaneo 2001) . In consideration of the anisotropy of magnetoplasmas, we suggest that the plausibly smallest inhomogeneity scale in magneto-plasmas such as in the solar corona can be characterized by the ion gyroradius or the electron inertial length (Wu 2013) .
Some theories proposed that the inhomogeneous heating of fine structures of magneto-plasmas in the solar corona has a close relation to KAW dissipation. The experimental measurements from both space and laboratory plasmas also show that field-aligned density striations (i.e., density cavities) are often accompanied by activities of KAWs. In particular, they are further confirmed by the recent particle-in-cell simulation by Tsiklauri (2011 Tsiklauri ( , 2012 . The present results in this paper are potentially important for us to understand the physics of the fine structures in the solar corona and the field-aligned density striations in space and laboratory plasmas and their heating mechanisms.
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